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Abstract

:

In situ Raman scattering and electrical conductivity experiments have been performed to investigate the structural phase transitions of calcite during the compressed and decompressed processes in a diamond anvil cell at temperatures of 298–873 K and pressures up to 19.7 GPa. Upon compression, calcite (CaCO3-I phase) underwent three structural phase transitions from CaCO3-I to CaCO3-II phases at 1.6 GPa, from CaCO3-II to CaCO3-III phases at 2.2 GPa, and from CaCO3-III to CaCO3-VI phases at 16.8 GPa under room temperature conditions, which were evidenced by the evolution of Raman peaks, as well as the discontinuities in the pressure-dependent Raman shifts and electrical conductivity. Upon decompression, the structural phase transitions from CaCO3-VI to CaCO3-III to CaCO3-II to CaCO3-I phases took place at the respective pressures of 5.4, 1.5, and 0.4 GPa, indicating the reversibility of calcite. Furthermore, an obvious ~11 GPa of pressure hysteresis was detected in the CaCO3-VI to CaCO3-III phase transition, whereas other reverse phase transition pressures were very close to those of compressed results. At three given representative pressure conditions (i.e., 10.5, 12.5, and 13.8 GPa), a series of electrical conductivity experiments were performed at temperature ranges of 323–873 K to explore the temperature-dependent relation of CaCO3-III to CaCO3-VI structural phase transition. With increasing pressure, the transition temperature between CaCO3-III and CaCO3-VI phases gradually decreases, which reveals an obviously negative temperature-pressure relation, i.e., P (GPa) = 19.219 (±1.105) − 0.011 (±0.002) T (K). Our acquired phase diagram of calcite can be employed to understand the high-pressure structural transitions and phase stability for carbonate minerals along various subducting slabs in the deep Earth’s interior.
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1. Introduction


In nature, calcium-carbonate minerals crystallize in three different structural forms: rhombohedral calcite, orthorhombic aragonite and hexagonal vaterite. Among those of calcium-carbonate minerals, calcite is an important and common rock-forming mineral in the Earth’s crust, and is considered as a crucial carrier of carbon. Calcite plays a key role in the deep carbon cycle of the Earth’s interior, which can be transported into the interior of the Earth through the subduction of oceanic crust [1,2,3,4,5,6,7,8]. Thus, it is vital to investigate the structural transition and phase stability for calcite under high-temperature and high-pressure conditions.



A great number of Raman scattering investigations on the structural transition and phase stability of calcite have been performed under conditions of room temperature and high pressure [9,10,11,12]. For most of these previously acquired results, three main high-pressure polymorphs of calcite (CaCO3-I phase) were disclosed, i.e., monoclinic calcite (CaCO3-II phase), layered triclinic calcite (CaCO3-III phase), and non-layered triclinic calcite (CaCO3-VI phase). The structural phase transitions for these of CaCO3-I to CaCO3-II phases and CaCO3-II to CaCO3-III phases have been well documented at lower pressure points of 1.6 GPa and 2.0 GPa by means of Raman scattering spectroscopy in a diamond anvil cell at room temperature [9,10]. However, the high-pressure crystalline structure of CaCO3-III phase and its corresponding transformation pressure remains controversial in all of the listed previously reported results. For example, Suito et al. explored the structural phase transition of calcite through Raman scattering measurement in combination with synchrotron X-ray experiments at room temperature and pressures up to 10.0 GPa [11]. Their results showed that CaCO3-I to CaCO3-II and CaCO3-II to CaCO3-III phase transitions appear at the respective pressures of 1.7 GPa and 2.1 GPa. The authors further increased pressure to 10.0 GPa, and totally new Raman peaks exhibiting the discrepancy with the CaCO3-III phase were observed, which was possibly related to a pressure-induced structural phase transition from CaCO3-III phase to aragonite. Subsequently, Liu et al. investigated the high-pressure behavior of calcite up to 75.0 GPa by virtue of Raman spectroscopy and theoretical calculations [12]. They revealed that the CaCO3-I to CaCO3-III phase transition takes place at 2.0 GPa, and further, the CaCO3-III phase transforms into the CaCO3-VI phase instead of aragonite at 16.0 GPa, which is inconsistent with the high-pressure Raman scattering results to be reported by Suito et al. Therefore, further Raman spectroscopic investigation on calcite is indispensable to explore its vibrational properties with increasing pressure at room temperature.



On the other hand, high-pressure electrical conductivity measurement is also an effective experimental means of extrapolating structural transition and phase stability for carbonate minerals at high temperatures [13,14,15,16,17]. Bagdassarov and Slutskii conducted the electrical conductivity measurement of calcite under temperature ranges from 600 K to 1200 K and pressures of 0.5–2.5 GPa in a piston cylinder apparatus to establish the phase boundaries from calcite to aragonite, from CaCO3-I to CaCO3-IV phases and from CaCO3-IV to CaCO3-V phases [13]. However, owing to the uppermost limited pressure range in the piston cylinder apparatus, their maximum experimental pressure is only up to 2.5 GPa under simultaneous high-temperature and high-pressure conditions. Therefore, it is important to investigate the structural transition and phase stability for calcite by means of electrical conductivity measurement under broader temperature and pressure ranges.



In the present work, we have investigated the structural transition and phase stability for calcite under conditions of 298–873 K and pressures up to 19.7 GPa in a diamond anvil cell by in situ Raman spectroscopy and electrical conductivity measurements. Three high-pressure structural transformations from CaCO3-I to CaCO3-II to CaCO3-III to CaCO3-VI phases were revealed at the respective pressures of 1.6, 2.2, and 16.8 GPa under atmospheric temperature. At three fixed pressure points (i.e., 10.5, 12.5, and 13.8 GPa), the phase transition temperatures between CaCO3-III and CaCO3-VI phases were individually determined. Furthermore, a pressure-temperature phase diagram of calcite was well established at the temperatures of 298–773 K, pressures up to 16.0 GPa and depth up to 480 km, and further, its potential geophysical implications were discussed in detail.




2. Materials and Methods


2.1. Sample Preparation and Characterization


Naturally transparent single-crystal calcite (Spec: 3.0 cm × 3.0 cm × 2.0 cm) was gathered from Nanyang ore district in Qingyang county, Anhui province, China. We crushed and ground the initial single-crystal calcite into powder in an agate mortar. The crystalline structure of the starting sample was characterized by X-ray diffraction (XRD) experiments operating with a PIXcel3D area detector (X-ray wavelength: 0.154056 nm; collection time: 4 min; beam size: 0.5 mm; working voltage: 2.2 kV and resolution: 0.028°) in the State Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences. As shown in Figure 1, the obtained XRD pattern can be well indexed with a trigonal crystalline system of the space group of    D   3 d   5   : R   3 ¯   c. The GSAS software package was employed to fit and refine the obtained XRD data [18]. The lattice parameters of calcite were determined as a = b = 4.988 ± 0.003 Å, c = 17.052 ± 0.002 Å; α = β = 90°, γ = 120°; and V = 367.48 ± 0.56 Å3 (JCPDS NO. 83-0578), which agrees well with previously reported results [19,20].




2.2. High-Pressure Raman Spectroscopy Measurements


High-pressure Raman scattering experiments of calcite were carried out using a piston-cylinder diamond anvil cell (DAC) with a 300-μm diameter anvil culet. A piece of custom-built T-301 stainless steel (Spec: the area of 5 × 5 mm2 and its corresponding thickness of 250 μm) was utilized as the gasket and then was pre-indented into an approximate 50-μm thickness. In the center of the pre-indented gasket, one new 100-μm hole was drilled as the sample chamber. Subsequently, calcite powder samples together with several tiny grains of ruby were sealed into the sample chamber. The pressure inside the sample chamber was calibrated on the basis of the wavenumber shift of the fluorescence peak of the trivalent chromic ion from ruby [21]. The high-pressure Raman scattering experiments of calcite were conducted in the backscattering geometry by means of a confocal Renishaw 2000 Raman spectrometer with an Olympus charge-coupled device (CCD) camera. The 514.5 nm wavenumber of Argon ion laser was applied as the excitation laser with the magnitude of powers of 1 mW and 0.5–50 μW for high-pressure Raman measurements of calcite and each corresponding pressure calibration of ruby, respectively. The Raman spectra of calcite were collected within the wavenumber range of 100–1200 cm−1 with a resolution of 0.1 cm−1 at each pre-designed pressure. The acquisition time was set as 240 s for each individual Raman spectroscopy measurement.




2.3. High-Pressure Electrical Conductivity Measurements


High-temperature and high-pressure electrical conductivity measurements of calcite were performed using a well-designed four column-type DAC with a 300-μm diameter taking advantage of its large lateral space, which has been widely applied to our previous electrical transport experiments [22,23,24,25,26,27,28,29,30,31,32,33,34]. A mixture of cubic boron nitride (c-BN) and epoxy resin powders was utilized to constitute an insulating sample chamber. Then, a new central hole with the 120-μm diameter was made by a laser drilling machine. Plate electrodes of platinum with 4-μm thickness were integrated separately onto the upper and lower counterparts of the sample chamber. Prior to the electrical conductivity measurement, experimental samples were heated to 373 K in a vacuum oven for 12 h to eliminate the absorbed water. The alternating current (AC) impedance spectroscopy of calcite was measured using the combination interface of Solartron-1260 and Solartron-1296 impedance analyzers within the frequency range of 10−1–107 Hz at a fixed signal voltage of 1.0 V. High-temperature conditions were provided by two external resistance heating furnaces which were tightly twisted around the tungsten carbide bases. A k–type thermocouple (NiCr–NiAl) with temperature error of ±5 K was attached to the side face of a diamond to monitor the temperature of the sample chamber. For high-temperature and high-pressure electrical conductivity measurements, we firstly compressed the sample to pre-determined pressure values, and gradually heated the sample chamber from 298 K to 873 K with a temperature interval of 50 K. Then, the temperature was sustained for at least ten minutes to achieve the thermal transference equilibrium. In order to protect the sample assemblage, a cooling system equipped with circulating water was used under high-temperature conditions. The detailed descriptions of the high-temperature and high-pressure experimental methods and measurement procedures have been reported in our previous work [35,36,37].





3. Results and Discussion


3.1. High-Pressure Raman Spectroscopy at Room Temperature


Figure 2 presents in situ Raman spectra of calcite with increasing pressures up to 19.4 GPa at atmospheric temperature. At the pressure of 0.5 GPa, the Raman spectrum of sample shows four Raman-active modes within the wavenumber range of 100–1200 cm−1. According to previously reported Raman results on calcite [12], the strongest Raman characteristic peak at 1087.4 cm−1 is assigned to the symmetric stretching vibrational mode of carbonate ions (v1). The weakest Raman peak of 714.4 cm−1 is related to the in-plane bend mode of carbonate ions (v4) and two lattice modes of the translational (T) and librational (L) vibrations are observed at the respective positions of 155.4 cm−1 and 283.6 cm−1. All those available Raman modes are in good agreement with previously reported Raman scattering results [9,10,11].



As seen from Figure 2a, within the pressure range of 0.5–1.1 GPa, all of the observed Raman peaks of sample tended to shift towards higher wavenumbers with increasing pressure. Upon compression to 1.6 GPa, the translational vibration mode (T) completely disappeared, which was accompanied by the emergence of three absolutely new Raman peaks at 129.5 cm−1 (M1), 153.5 cm−1 (M2), and 204.4 cm−1 (M3). At the same time, the Raman peak of v4 split into two Raman peaks at the respective positions of 709.7 cm−1 (M4) and 724.5 cm−1 (v4). These obvious Raman variations including the disappearance of the characteristic T mode, the appearance of three new Raman peaks (M1, M2, and M3), and the splitting of the v4 mode can provide robust evidences for the occurrence of structural transition from CaCO3-I to CaCO3-II phases, which is related to a strong rotational disorder of the CO3 groups with clockwise rotation [38]. With the rise of pressure up to 2.2 GPa, the librational vibration mode (L) suddenly disappeared and seven new Raman peaks emerged at the respective positions of 108.7 cm−1 (M5), 225.3 cm−1 (M6), 275.1 cm−1 (M7), 302.9 cm−1 (M8), 345.1 cm−1 (M9), 693.7 cm−1 (M10), and 867.5 cm−1 (M11). Simultaneously, a shoulder peak was observed at 1089.6 cm−1 (M12) near the v1 peak. In short, all of these clues from the variations of Raman characteristic peaks at 2.2 GPa reveal the occurrence of CaCO3-II to CaCO3-III structural phase transition by the displacement of Ca atom and the rotational disorder of CO3 groups under high pressure [38]. In the pressure range of 2.2–14.2 GPa, the Raman peaks of sample continuously shifted towards higher wavenumbers except for the M11 Raman peak showing a red shift. As the pressure was increased to 16.8 GPa, the shoulder peak (M12) and the v4 peak suddenly disappeared, and a new Raman peak at 325.7 cm−1 (M13) appeared in the lattice vibrational range of calcite. Meanwhile, the M11 mode exhibited a noticeable change from red shift to blue shift. These remarkable changes in Raman spectra indicate that CaCO3-III phase transforms into CaCO3-VI phase at 16.8 GPa. In addition, we also carefully checked the pressure-dependent Raman shifts of calcite during compression, as illustrated in Figure 3, and the corresponding pressure coefficients are clearly displayed in Table 1. It is noted that three obvious discontinuities in the pressure-dependent Raman shifts were detected at those of corresponding pressure points (i.e., 1.6, 2.2 and 16.8 GPa), which further denotes the pressure-induced structural phase transitions of calcite. In sum, our high-pressure Raman spectroscopic results reveal that calcite undergoes three structural phase transitions from CaCO3-I to CaCO3-II phases at 1.6 GPa, from CaCO3-II to CaCO3-III phases at 2.2 GPa, and from CaCO3-III to CaCO3-VI phases at 16.8 GPa upon compression, which are in excellent agreement with the reported Raman scattering results [9,10,11].



Figure 4 displays in situ Raman spectra of calcite in the process of decompression from 18.3 GPa to 1 atm at room temperature. The corresponding pressure-dependent Raman shifts and pressure coefficients for calcite are illustrated in Figure 5 and Table 2, respectively. It is obvious that the Raman peaks of CaCO3-VI phase exhibited red shift with decreasing pressure at 18.3–6.9 GPa. As the pressure was decompressed to 5.4 GPa, the characteristic Raman peaks of CaCO3-III phase were recovered at the corresponding wavenumbers, implying the appearance of CaCO3-VI to CaCO3-III phase transition. Upon decompression to 1.5 GPa, the librational vibration mode (L) reemerged at 283.4 cm−1, which reveals the structural phase transformation from CaCO3-III to CaCO3-II phases. Further releasing pressure to 0.4 GPa, the recoverable Raman peaks of CaCO3-I phase are indicative of the onset of reverse structural transition from CaCO3-II to CaCO3-I phases. In brief, during decompression, the reverse structural phase transitions from CaCO3-VI to CaCO3-III to CaCO3-II to CaCO3-I phases are disclosed at the respective pressures of 5.4, 1.5, and 0.4 GPa. In comparison with the structural phase transitions of calcite at 1.6, 2.2, and 16.8 GPa in the compression process, a considerable pressure hysteresis of ~11 GPa between CaCO3-VI and CaCO3-III phases was detected, which is in good consistency with the obvious hysteresis of previously high-pressure infrared spectroscopy results on calcite to be reported by Catalli and Williams [39].




3.2. High-Pressure Electrical Conductivity at Ambient Temperature


Previously available results have confirmed that the occurrence of pressure-induced phase transition for some representative minerals from the regions of the mid-lower Earth’s crust and subduction zone also accompanied some discontinuous variations in electrical transport properties [28,29,31,40,41,42,43]. At room temperature, the in situ impedance spectroscopy experiments of calcite were measured up to 19.7 GPa to further shed light on its structural transitions, as plotted in Figure 6. It can be clearly seen from Figure 6a–c that the impedance spectra of calcite consist of a semicircular arc in the high frequency region (~103–107 Hz) and an oblique line in the low frequency range (10−1–~103), which stands for the grain interior resistance (Rgi) and the grain boundary resistance (Rgb) for the calcite sample, respectively. To precisely determine the resistance values of the sample, ZView software was employed to fit the obtained impedance spectra. The fitting equivalent circuit is composed of two components in series and each component includes a resistance (R) and a constant phase element (CPE) in parallel. The fitting uncertainties of the impedance spectra were controlled to be less than 5%.



The electrical conductivity of calcite (σ) is calculated on the basis of the following equation:


   σ = L / SR   



(1)




where L is the experimental sample length (cm), S is the cross-sectional area of electrode (cm2), and R is the resistance of sample (Ω), respectively. Figure 6d exhibits the pressure-dependent logarithmic electrical conductivity of calcite in both compressed and decompressed processes at room temperature. In light of the pressure-dependent electrical conductivity relation, three separate pressure regions were distinguished upon compression: (i) from 0.5 GPa to 2.3 GPa, the logarithmic electrical conductivity rapidly increased with a steep slope of 0.36 S cm−1 GPa−1; (ii) from 2.3 GPa to 15.5 GPa, a gentle slope of 0.07 S cm−1 GPa−1 was acquired; (iii) from 15.5 GPa to 19.7 GPa, the logarithmic electrical conductivity values kept stable with a tiny slope of 0.03 S cm−1 GPa−1. According to the high-pressure electrical conductivity results of calcite, two striking discontinuities at 2.3 GPa and 15.5 GPa were detected, which can be attributed to the pressure-induced structural phase transitions from CaCO3-II to CaCO3-III phases and CaCO3-III to CaCO3-VI phases, respectively. Upon decompression, an apparent discontinuity in the electrical conductivity of calcite at 5.4 GPa can be ascribed to the reverse structural phase transition of CaCO3-VI to CaCO3-III phases. Furthermore, the recoverable electrical conductivity magnitude at 0.6 GPa indicates the reversibility of the structural transition of calcite.



In addition, Table 3 displays the structural phase transition pressures of calcite at room temperature obtained from previously reported results and ours for comparison. During compression, according to our presently obtained high-pressure Raman scattering and electrical conductivity results, calcite undergoes a series of structural transitions from CaCO3-I to CaCO3-II phases at 1.6 GPa, from CaCO3-II to CaCO3-III phases at 2.2 GPa, and from CaCO3-III to CaCO3-VI phases at 16.8 GPa, which accords well with the phase transition pressures of calcite in previous results reported by high-pressure Raman spectroscopy, Brillouin spectroscopy, synchrotron X-ray diffraction, shock wave experiment, and infrared spectroscopy measurements [9,10,11,12,38,39,44,45,46].




3.3. Electrical Conductivity at High Temperature and High Pressure


In order to explore the influence of temperature on the structural transition pressure between CaCO3-III and CaCO3-VI phases, a series of high-temperature electrical conductivity measurements were implemented at three representative pressure points of 10.5, 12.5, and 13.8 GPa. Figure 7a–c shows the impedance spectra of calcite in the temperature range of 323–873 K at a given pressure of 10.5 GPa. The corresponding logarithmic electrical conductivity as a function of reciprocal temperature is displayed in Figure 7d. The fitted parameters of the Arrhenius relation for the electrical conductivity of calcite at the pressure of 10.5, 12.5, and 13.8 GPa are displayed in a Table 4. Within the temperature ranges of 323–573 K and 723–873 K, the logarithmic electrical conductivity of the sample significantly increased with the rise of temperature, which is correlated with the enhanced mobility of charge carried at high temperatures [47]. However, a remarkable reduction in logarithmic electrical conductivity by approximately three orders of magnitude was observed at 573–723 K, which is probably related to the structural transition from CaCO3-III to CaCO3-VI phases. Specifically, at a fixed pressure of 10.5 GPa, the CaCO3-III to CaCO3-VI structural phase transition was completely ended at 723 K. Subsequently, we also measured the impedance spectra of calcite under conditions of temperature ranges of 323–873 K and 12.5 GPa, and the relationship between electrical conductivity and reciprocal temperature was established, as shown in Figure 8 in detail. Simultaneously, Figure 9 also displayed the impedance spectra of calcite, and its corresponding constructed relationship of logarithmic electrical conductivity with the variation of temperature within the fixed temperature range of 323–873 K and 13.8 GPa. Analogous to the above-mentioned Figure 7, all of these discontinuities in electrical conductivity with increasing temperature reveal the occurrences of the structural transformation from CaCO3-III to CaCO3-VI phases within the temperature ranges of 473–623 K and 423–523 K at the respective pressures of 12.5 GPa and 13.8 GPa. According to a series of detailed high-pressure electrical transport characterizations on calcite, we can initially outline that the CaCO3-III to CaCO3-VI structural phase transitions occurs at temperatures of 723, 623, and 523 K corresponding to three typical pressure points of 10.5, 12.5, and 13.8 GPa, respectively. In comprehensive combination with our previously obtained high-pressure Raman spectroscopy and electrical conductivity results at atmospheric temperature and high-temperature electrical conductivity results at high pressure, an obvious reducing tendency of phase transition temperature for calcite from the CaCO3-III to CaCO3-VI phases was observed with the rise of pressure.



Figure 10 shows the pressure–temperature phase diagram between CaCO3-III and CaCO3-VI phases within the temperature range of 298–773 K over a wider pressure range from 1 atm to 16.0 GPa based on our acquired high-temperature and high-pressure electrical conductivity results. In here, the depth is fully considered according to the increasing pressure gradient value of 30 km/GPa in the deep Earth to be reported by Maeda et al. [6]. It is evident from the phase diagram of calcite that the phase transition pressures from CaCO3-III to CaCO3-VI phases decrease with the rise of temperature, and therefore, a negative dependence relation of phase transformation pressure on temperature was presented for the CaCO3-III to CaCO3-VI phase boundary. More importantly, the structural transition boundary between CaCO3-III and CaCO3-VI phases can be described as


P (GPa) = 19.219 (±1.105) − 0.011 (±0.002) T (K)



(2)




where P is the experimental pressure (GPa) and T is the experimental temperature (K). A negative phase transition slope between CaCO3-III and CaCO3-VI phases (–0.011 GPa K−1) is observable, which is very close to the previously obtained value (–0.007 GPa K−1) from the Raman spectroscopy measurements by Koch-Müller et al. [48]. In this study, the magnitude of higher absolute value in the slope indicates that the obtained phase transformation dependence relation of temperature on pressure is stronger by virtue of high-temperature and high-pressure electrical conductivity measurements. In addition, the Clausius-Clapeyron relation (dT/dP = ∆V/∆S) has been widely applied to describe the correlation among entropy change (∆S), molar volume change (∆V) and phase transition slope (dT/dP) and to interpret the slope of structural transition of calcite under high-temperature and high-pressure conditions [46,49]. According to the previously available synchrotron X-ray results [44], CaCO3-VI phase is denser than CaCO3-III phase. Thus, the molar volume change (∆V) would be a negative value before and after the phase transition. Entropy (S) is an important thermodynamic parameter of describing the disorder degree of a crystal. The high-pressure CaCO3-VI phase with non-layered structure is more disordered than the CaCO3-III phase containing planar CO3 groups, leading to a positive value for the ∆S [44]. In comprehensive consideration of the negative ∆V and positive ∆S values, the phase transition boundary (dT/dP) between CaCO3-III and CaCO3-VI phases would be negative, which is consistent with our results obtained from high-temperature and high-pressure electrical conductivity measurements.





4. Implications


In the present studies, we investigated the high-pressure phase stabilities of calcite, and a negative phase boundary between CaCO3-III and CaCO3-VI phases has been determined by means of Raman spectroscopy and electrical conductivity measurements under high-temperature and high-pressure conditions. Furthermore, a detailed phase diagram of calcite within the temperature range of 298–773 K and pressure of 0–16.0 GPa has been successfully established, and previously reported phase transition boundary results on calcite were also displayed in Figure 10 for comparison [9,10,48,50,51]. As seen in Figure 10, along the hot subducting slab with a geothermal gradient value of 10 K/km, calcite will transform into aragonite at the temperature of 650 K [10]. In the case of the cold subducting slab with a geothermal gradient value of 5 K/km, the CaCO3-I phase first transforms into the CaCO3-II phase at the temperature of 450 K, and further, the transformed CaCO3-II phase turns into aragonite at the temperature of 500 K [10,51]. Significantly, along the very cold subducting slab with a geothermal gradient value of 1.5 K/km such as the Tonga subduction [52], the high-pressure structural transitions of calcite are more complex than those of the hot and cold subducting slabs. More specifically, along the very cold subducting slab, the structural phase transition from CaCO3-I to CaCO3-II phases appears at lower temperature of 350 K [10]. Subsequently, as the pressure increases up to 2.6 GPa, the CaCO3-II phase is transformed into CaCO3-III phase at the temperature of 400 K [10,11]. More importantly, our well-constructed phase boundary relationship between CaCO3-III and CaCO3-VI phases reveals that the transformed CaCO3-III phase retains structural stability within the temperature range from 400 K to 750 K. Beyond the pressure of 10.8 GPa, the CaCO3-VI phase emerges at the corresponding temperature of 750 K. Obviously, on the basis of previous results, it is possible that both of the CaCO3-I and CaCO3-II phases will transform into aragonite along the geothermal gradient values of 10 K/km and 5 K/km corresponding to the hot and cold slabs of subduction zone, respectively [10,51]. In conclusion, our new established phase diagram of the high-pressure polymorphs of CaCO3-III and CaCO3-VI phases at conditions of 298–773 K and 2.3–16.0 GPa has been well presented along the geothermal gradient value of 1.5 K/km corresponding to the very cold slab of subduction zone, which was similarly observed in the high-pressure MgO–SiO2–H2O multi-phase equilibrium system along the geothermal gradient value of 1.5 K/km for the stagnant Tonga slab of a deeply subducted region up to 660 km [52].
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Figure 1. Powder X-ray diffraction (XRD) pattern and structural refinement for calcite at ambient conditions. The red solid line and the black crosses represent the calculated and observed results, respectively. The vertical blue bars stand for the standard peak positions of calcite. The green solid line denotes the deviation curve of measurement. Inset: the optical image of calcite. 
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Figure 2. Raman scattering spectra of calcite at different pressure points up to 19.4 GPa upon compression at the atmospheric temperature. (a) 0.5–5.7 GPa; (b) 8.5–19.4 GPa. The red, blue, and green asterisks denote the positions of the Raman peaks of high-pressure CaCO3 polymorphs. The colored dashed lines are used to guide the eyes. 
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Figure 3. Pressure dependence of the Raman shifts of calcite upon compression within the wavenumber range of 100–1200 cm−1 at the atmospheric temperature. The colored solid lines and the vertical black dashed lines are used to guide the eyes. 
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Figure 4. Raman scattering spectra of calcite upon decompression at the atmospheric temperature. (a) 18.3–6.9 GPa; (b) 5.4 GPa−1 atm. The colored dashed lines are used to guide the eyes. 
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Figure 5. Pressure dependence of the Raman shifts of calcite upon decompression within the wavenumber range of 100–1200 cm−1 at the atmospheric temperature. The colored solid lines and the vertical black dashed lines are used to guide the eyes. 
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Figure 6. Complex impedance spectra of calcite at the atmospheric temperature within the pressure range of 0.5–19.7 GPa. (a) 0.5–4.4 GPa; (b) 6.7–13.6 GPa; (c) 15.5–19.7 GPa. (d) The pressure dependence of the logarithmic electrical conductivity of calcite in both processes of compression and decompression. Here, the symbols of Z’ and Z” represent the real and imaginary parts of complex impedance spectra. The colored curves are the results of the fitting to the impedance spectra. The colored dashed lines and solid lines are employed to guide the eyes. 
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Figure 7. Complex impedance spectra of calcite in the temperature range of 323–873 K at a certain pressure point of 10.5 GPa. (a) 323–523 K; (b) 573–723 K; (c) 773–873 K. (d) The logarithmic electrical conductivity of calcite against reciprocal temperature. Z’ is the real part of complex impedance spectra and Z” is the imaginary part. The colored curves are the results of the fitting to the impedance spectra. The black solid lines are obtained from the Arrhenius fitting results of the data. 
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Figure 8. Complex impedance spectra of calcite in the temperature range of 323–873 K at 12.5 GPa. (a) 323–423 K; (b) 473–623 K; (c) 673–873 K. (d) The logarithmic electrical conductivity of calcite against reciprocal temperature. Z’ is the real part of the complex impedance spectra and Z” is the imaginary part. The colored curves are the results of the fitting to the impedance spectra. The black solid lines are obtained from the Arrhenius fitting results of the data. 






Figure 8. Complex impedance spectra of calcite in the temperature range of 323–873 K at 12.5 GPa. (a) 323–423 K; (b) 473–623 K; (c) 673–873 K. (d) The logarithmic electrical conductivity of calcite against reciprocal temperature. Z’ is the real part of the complex impedance spectra and Z” is the imaginary part. The colored curves are the results of the fitting to the impedance spectra. The black solid lines are obtained from the Arrhenius fitting results of the data.
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Figure 9. Complex impedance spectra of calcite in the temperature range of 323–873 K at 13.8 GPa. (a) 323–473 K; (b) 523–673 K; (c) 723–873 K. (d) The logarithmic electrical conductivity of calcite against reciprocal temperature. Z’ is the real part of the complex impedance spectra and Z” is the imaginary part. The colored curves are the results of the fitting to the impedance spectra. The black solid lines are obtained from the Arrhenius fitting results of the data. 
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Figure 10. Temperature–pressure phase diagram of calcite according to the current and previous experimental investigations in the conditions of temperatures up to 773 K and pressures up to 16.0 GPa at the depth range of 0–480 km. The red solid squares are based on our present electrical conductivity experimental results. The red solid line is the fitted phase transition boundary between CaCO3-III and CaCO3-VI phases. The black dashed lines are the phase transition boundaries of CaCO3-I to CaCO3-II phases and CaCO3-II to CaCO3-III phases through high-temperature and high-pressure Raman scattering experimental results, coming from Yuan et al. [10]. The olive dashed curve comes from Suito et al. [11], standing for the phase transition boundary from CaCO3-III phase to aragonite. The wine dot-dash line is the phase boundary from CaCO3-III phase to aragonite by Bayarjargal et al. [50]. The orange dotted line represents the CaCO3-II phase to aragonite boundary reported by Hess et al. [51]. The violet dot-dash line is the phase boundary between CaCO3-III and CaCO3-VI phases from Koch-Müller et al. [48]. The red, blue, and green areas represent the hot, cold, and very cold subducting slabs with the respective geothermal gradient values of 10 K/km, 5 K/km and 1.5 K/km. 
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Table 1. Pressure coefficients of the Raman modes of CaCO3-I, CaCO3-II, CaCO3-III, and CaCO3-VI phases upon compression within the pressure range from 0.5–19.4 GPa at room temperature.
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Pressure Range (GPa)

	
Mode (cm−1)

	
Pressure Coefficient (cm−1 GPa−1)






	
CaCO3-I phase

	
0.5–1.6 GPa

	
T

	
2.07




	
L

	
1.83




	
v4

	
11.51




	
v1

	
16.14




	
CaCO3-II phase

	
1.6–2.2 GPa

	
M1

	
8.50




	
M2

	
22.83




	
M3

	
0.17




	
M4

	
42.03




	
v4

	
32.67




	
v1

	
16.50




	
CaCO3-III phase

	
2.2–16.8 GPa

	
M5

	
2.00




	
M1

	
1.38




	
M2

	
1.02




	
M3

	
1.61




	
M6

	
2.36




	
M7

	
2.28




	
M8

	
3.89




	
M9

	
5.09




	
M10

	
0.87




	
M4

	
1.19




	
v4

	
1.21




	
M11

	
–0.39




	
M12

	
1.46




	
v1

	
1.84




	
CaCO3-VI phase

	
16.8–19.4 GPa

	
M5

	
0.15




	
M1

	
0.50




	
M2

	
0.46




	
M3

	
0.76




	
M6

	
1.08




	
M13

	
2.81




	
M7

	
2.31




	
M8

	
1.62




	
M9

	
1.08




	
M10

	
0.65




	
M4

	
0.77




	
M11

	
0.88




	
v1

	
0.57
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Table 2. Pressure coefficients of the Raman modes of CaCO3-I, CaCO3-II, CaCO3-III, and CaCO3-VI phases upon decompression within the pressure range from 18.3 GPa−1 atm at room temperature.
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Pressure Range (GPa)

	
Mode (cm−1)

	
Pressure Coefficient (cm−1 GPa−1)






	
CaCO3-VI phase

	
18.3–5.4 GPa

	
M5

	
0.20




	
M1

	
0.33




	
M2

	
0.73




	
M3

	
1.34




	
M6

	
0.87




	
M13

	
1.35




	
M7

	
1.54




	
M8

	
1.70




	
M9

	
2.47




	
M10

	
0.35




	
M4

	
0.50




	
M11

	
0.04




	
v1

	
1.18




	
CaCO3-III phase

	
5.4–1.5 GPa

	
M5

	
1.63




	
M1

	
1.33




	
M2

	
1.23




	
M3

	
2.87




	
M6

	
4.73




	
M7

	
6.37




	
M8

	
4.83




	
M9

	
8.87




	
M10

	
2.30




	
M4

	
3.27




	
v4

	
3.30




	
M11

	
–0.70




	
M12

	
2.23




	
v1

	
3.27




	
CaCO3-II phase

	
1.5–0.4 GPa

	
M1

	
7.48




	
M2

	
6.93




	
M3

	
8.27




	
M4

	
9.73




	
v4

	
10.26




	
v1

	
5.59




	
CaCO3-I phase

	
0.4 GPa−1 atm

	
T

	
3.62




	
L

	
1.21




	
v4

	
4.12




	
v1

	
3.72
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Table 3. Pressure-induced structural transition phases in calcite between CaCO3-I and CaCO3-II phases, CaCO3-II and CaCO3-III phases, and CaCO3-III and CaCO3-VI phases at atmospheric condition.
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Phase Transition

	
Pressure (GPa)

	
Method

	
Reference






	
CaCO3-I to CaCO3-II phases

	
1.6

	
Raman spectroscopy

	
This study




	
1.6

	
Raman spectroscopy

	
[9]




	
1.6

	
Raman spectroscopy

	
[10]




	
1.4

	
Raman spectroscopy

	
[11]




	
1.7

	
Brillouin spectroscopy

	
[45]




	
1.5

	
Synchrotron X-ray diffraction

	
[44]




	
CaCO3-II to CaCO3-III phases

	
2.3

	
Electrical conductivity

	
This study




	
2.2

	
Raman spectroscopy

	
This study




	
2.0

	
Raman spectroscopy

	
[9]




	
2.0

	
Raman spectroscopy

	
[10]




	
2.0

	
Raman spectroscopy

	
[12]




	
2.1

	
Raman spectroscopy

	
[11]




	
2.2

	
Brillouin spectroscopy

	
[45]




	
2.5

	
Synchrotron X-ray diffraction

	
[44]




	
CaCO3-III to CaCO3-VI phases

	
15.5

	
Electrical conductivity

	
This study




	
16.8

	
Raman spectroscopy

	
This study




	
16.0

	
Raman spectroscopy

	
[12]




	
15.5

	
Infrared spectroscopy

	
[39]




	
15.0

	
Synchrotron X-ray diffraction

	
[44]
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Table 4. The fitted parameters for the Arrhenius relation of the electrical conductivity of calcite. P is the pressure, T is the absolute temperature, σ0 is the pre-exponential factor, ΔH is the activation enthalpy, and R2 is the linear correction.
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	P (GPa)
	T (K)
	Phase
	σ0 (S/cm)
	ΔH (eV)
	R2





	10.5
	323–573
	CaCO3-III
	5.89 × 101
	5.48 ± 0.91
	87.57



	10.5
	723–873
	CaCO3-VI
	2.04 × 102
	10.26 ± 2.71
	82.08



	12.5
	323–473
	CaCO3-III
	8.91 × 10−5
	1.62 ± 0.27
	92.07



	12.5
	623–873
	CaCO3-VI
	3.24 × 10−2
	5.90 ± 0.42
	97.54



	13.8
	323–423
	CaCO3-III
	1.73 × 10−3
	2.44 ± 1.01
	70.46



	13.8
	523–873
	CaCO3-VI
	1.77 × 100
	6.55 ± 0.36
	97.92
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